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ABSTRACT
Geometric and geochemical analysis of limy bioclastic mudrock samples collected from
well cleaved and poorly cleaved limbs of the Rip VanWinkle Anticline, NY indicate that
cleavage formed by passive concentration associated with redistribution of quartz and
calcite by pressure solution. Detrital quartz grains record a bedding fabric ellipse of 1.19
also evident in mesoscale and microscale textures. Geometric analysis of XZ and XY
principal plane axial ratios by RcI<I> on detrital quartz grains are combined with principal
extension measurements of fibrous overgrowths on elongate bioclasts. Quartz grains
record tectonic shortening only (without extension) which was homogeneous within
microscale cleavage zones (0.09 - 1.5 cm2). Values of principal extension were
independent of location with respect to cleavage zones and homogeneous at scales of
approximately 3.0 em interpreted to be a function ofprotolith bioclast distribution. RcI<I>
measurements were corrected for bedding fabric and combined with principal extensions
(assuming plane strain) to yield dilatancy estimates of -16% to -49% within cleavage
zones. Cleavage zone volume losses are believed to be balanced by slight volume gains
in microlithons and/or mesoscale veins resulting in volume constant plane strain over an
area in the XZ plane ranging from lOs to lO00s cm2.
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Microlithons revealed little petrographic evidence of pressure solution or geometric
volume change and therefore, a mean of microlithon bulk compositions is considered to
be representative of the protolith. A passive concentration model of cleavage
development involving quartz and calcite depletion explains differences in XRF bulk
composition between the mean protolith and cleavage zones and predicts cleavage zone
volume changes similar to geometrically calculated. Electron microprobe analyses of
detrital white micas reveals a composition trend indicative of variable degree of phengitic
substitution. A fibrous neocrystalline phyllosilicate, identified compositionally as
chlorite-white mica intergrowth, occurred in syntectonic extension textures and was not
observed contributing to cleavage fabric as individual domains in cleavage selvages.
Open system behavior was not necessary to explain passive concentration and the
neocrystalline phyllosilicate composition. Orientation analysis of detrital white mica long
axes which remain coincident with basal planes demonstrates reorientation of a bedding
fabric toward cleavage primarily by mechanical rotation with only little grain shape
change from dissolution.
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INTRODUCTION
Cleavage is a domainal tectonic fabric typically marked by selvages of optically
opaque material separated by microlithons similar to the parent rock (protolith). Cleavage
results from the redistribution of material through the pore fluid by diffusive mass
transfer, pressure solution. Prior studies have attempted to characterize many different
aspects of cleavage development Geometric studies involving the calculation of three
dimensional strains have concluded volume losses of 25-60 % associated with"cleavage
development in slates (e.g. Wright & Platt, 1982; Beutner & Charles, 1985; Henderson
et al., 1988; Wright & Henderson, 1992). Geochemical studies in similar lithologies
involving compositional comparison of samples with varying degrees of cleavage
development generally conclude minimal net mass transfer. (e.g. Erslev & Mann, 1984;
Wintseh et al., 1991; Kanagawa, 1991). A geochemical study by Erslev and Ward
(1994) reported volume flux at a hand sample scale (quartz depletion in cleavage selvages
with quartz enrichment in neighboring microlithons) but minimal net volume flux at larger
scales. Grain scale studies have concentrated on changes in phyllosilicate chemistry,
morphology, and orientation to determine the role of phyllosilicates during cleavage
development (Beutner, 1978; Kreutzberger & Peacor, 1988; Ho et al, 1995; Ho et al
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1996). Phyllosilicates may exhibit strictly passive orientation behavior in which detrital
grains undergo mechanical rotation, or active orientation behavior involving dissolution
and crystallization during cleavage formation. Crystallization may result in phyllosilicates
which are either chemically similar or unique to local components. pretectonic
phyllosilicates may be altered chemically by reaction with a pore fluid.
The major objective of this study was to determine the mode of cleavage formation,
whether by passive concentration, or with a component of metasomatic addition in limy
bioclastic mudrocks from the Rip Van Winkle Anticline (RVWA), New York. The
RVWA offers a continuous layer exhibiting varying degrees of cleavage development at
different structural positions and provides protolith constraint Cleavage that forms by
passive concentration results from the removal of a soluble component of the rock such
as calcite with a relative increase in the residual less soluble components such as clay,
iron oxides, or organic matter. Marshak and Engelder (1985) found that clay (as fme-
grained illite and chlorite) provide interconnectivity and favorable fluid pathways and was
therefore, an important protolith component for cleavage to develop in Hudson Valley
carbonates. A passive concentration cleavage, by defmition, evolves directly from the
protolith without metasomatic addition of outside elements. Metasomatic additions,
however, have been documented resulting in new phases such as clays which enhance
the cleavage formation process in carbonates from Idaho (Davidson et al, 1997). The
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mode of cleavage formation is therefore, directly related to the origin of the materials
associated with cleavage.
The aspects of cleavage development introduced above were investigated in order to
asses the mode of cleavage formation. Geometric measurements of strain resulted in
estimates of the magnitude and scale ofvolume change related to cleavage development.
This study addresses the concern of a preteetonic bedding fabric which is commonly
observed in sedimentary rocks and has implications on strain measurements (paterson &
Yu, 1994; Elliott, 1970; Dunnet & Siddans, 1971; Robin, 1977). This study provides
insight into the determination of scales of homogeneity necessary for accurate
measurement of strain and geochemistry in rocks with heterogeneous cleavage
development. Comparison of whole rock chemistry of cleaved samples with the protolith
provided another estimate of volume change and consideration of whether cleavage
evolved from the protolith, with or without metasomatic addition. Electron microprobe
analysis was used to determine the origin (detrital or neocrystalline) and evolution of
phyllosilicate grains. Long axis orientation analysis of phyllosilicate grains will also
provided additional information concerning phyllosilicate origin and the mechanism of
reorientation behavior.
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GEOLOGIC SETTING
The location chosen for this study is within the Hudson Valley of southeastern New
York. The Hudson Valley is made up of three north-south trending zones (Fig. 1). The
frrst and easternmost zone (East of the Hudson River), the Taconic Mountains, resulted
from the deformation of the Early Paleozoic passive margin of eastern North America
during the Middle Ordovician Taconic Orogeny (Marshak, 1990). The RVWA lies west
of the Hudson River within a second zone known as the Hudson Valley Fold and Thrust
Belt (HVB). The HVB extends 13 km SW of Kingston to 3 kIn NE of Ravena and its
width varies from 12 kIn at Kingston to 3 km at Ravena (Murphy et al., 1980). The belt
is made up of west vergent fold and thrust structures similar in style to the Canadian
Rockies and the Appalachian Valley and Ridge, but at a much smaller scale (Marshak &
Engelder, 1985), with frrst order fold wavelengths up to 300 meters (Bhagat &
Marshak,1990). The deformation is thin-skinned, involving Upper Silurian to Middle
Devonian shallow marine carbonates which were deposited unconformably above Mid-
Ordovician flysch (Rodgers, 1967). A third and westernmost zone in the Hudson Valley
is known as the Kiskatom Flats, a plateau made up of gently westward-dipping marine
siltstones of the Middle Devonian Hamilton Group (Marshak, 1990).
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Figure 1: Study location. A) Map of the Hudson Valley detailing the three north-south
.trending zones (from east to west Taconic mountains, HVB (stippled), and Kiskatom
Flats). The A-A' line ofsection identities the location of the Route 23 roadcut B) Cross
section of the regional structure within the HvB along A-A'. The Rip Van Winkle
Anticline is in bold. (from Marshak, 1990.)
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The Taconic unconformity which places an Upper Silurian-Devonian sequence over
Mid-Ordovician age Taconic flysch is deformed, stratigraphically constraining the HVB
deformation to post-Taconic, debatably Mid-Devonian Acadian or Pennsylvanian-
Permian Alleghanian (Zadins, 1983, Marshak, 1990). Various observations have led to
alternative conclusions concerning the age of deformation. For instance, Woodward
(1957) argued that Alleghanian structures followed an incorrect trend to link up with
HVB structures and therefore, deformation of the HVB could not be Alleghanian leaving
Acadian as the only alternative. But, Sanders (1969) noted a similarity between HVB
and Pennsylvanian Valley and Ridge structures, leading him to propose an Alleghanian
deformation. Geiser and Engelder (1983) claimed that cleavage trends are traceable from
the HVB into the Pocono Plateau post-Acadian rocks and that this suggests an
Alleghanian timing for the deformation. Marshak (1986) presents a reasonable case for
Acadian deformation by calling upon the HVB's tectonic setting between an Acadian aged
clastic wedge (foreland basin fill) to the west and a metamorphic belt (hinterland) with
Acadian metamorphic ages to the east Subsidence curves for the Catskill Clastic Wedge
suggest an origin due to loading and uplift not cooling (Bond and Kominz, 1984; Jordan,
1981). Subsidence may be due to loading by thrusting in the HVB (Quinlan &
Beaumont, 1984) which provides a link between the Acadian aged wedge and the HVB.
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In conclusion, there appears to be considerable evidence for Acadian defonnation of the
HVB.
Environmental (temperature and pressure) conditions during deformation of rocks
presently exposed within the HVB are well-constrained. A variety of geothermometric
techniques including vitrinite reflectance, conodont color alteration and ftssion track have
yielded peak temperatures between 190° and 240 °C for Lower Devonian Carbonates of
the HVB (Friedman & Sanders, 1982; Epstein et al., 1977; Lakatos & Miller, 1983).
The time of the peak temperature, however, has not been clearly linked to the time of
deformation (Marshak & Engelder, 1985). Some workers believe that the present
thickness of 2.3 km of undefonned Middle and Upper Devonian synorogenic clastics
(Fletcher, 1967) in addition to 1 or 2 km that has been eroded, is the maximum thickness
deposited in Eastern New York during the Paleozoic (Meckel, 1970; Zen, 1981). Zadins
(1989) argued for conductive heating from overriding thrust sheets as the source of
elevated peak temperatures at these relatively shallow depths. There is general agreement
among multiple workers, however, that greater burial beneath approximately 8 km of
post Lower Devonian strata resulted in the measured temperatures (Friedman & Sanders,
1982; Lakatos & Miller, 1983; Johnson, 1986).
The RVWAis located near the cleavage front in the external margin of the Hudson
Valley Fold and Thrust Belt and is exposed along Route 23 near the town of Catskill
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(Fig. 1). The outcrop on the northern side of Route 23 was the focus of this study and
corresponds to roadcut N2 of Marshak (1990) (Fig. 2 & 3). The anticline exposes the
New Scotland Formation of the Helderberg Gp. which generally contains fossiliferous
interbedded argillaceous tan lime wackestones and limy dark grey mudstones (Fig. 4).
The Rip Van Winkle Anticline is an asymmetric open, parallel fold with a steep forelimb,
shallow backlimb and a fold wavelength of approximately 200 meters. The fold axis
plunges 090 toward 0410 and the axial surface is oriented 0350 540 E. The fold is
cylindrical which is evident in the alignment of poles to bedding along a great circle and
the coincidence of bedding-cleavage intersections with the fold axis (Fig. 5). The
coincidence of bedding-cleavage intersections with the fold axis also indicates that
cleavage is related to folding.
Beds contain axial planar cleavage which dips to the southeast and shows variable
development with respect to structural and lithologic position. The steeply dipping
forelimb demonstrates a well developed very strong to moderate macroscale smooth
cleavage with narrowly spaced (2mm-3cm), relatively continuous selvages (Fig. 6). The
shallow backlimb demonstrates a poorly developed weak macroscale solution cleavage
with widely spaced (lOs of em) cryptic selvages (cleavage intensity terminology is after
Alverez et al, 1978; Fig. 7). The forelimb contains calcite veins oriented roughly
perpendicular to cleavage suggesting they are kinematically related (Fig. 6 & 8).
10
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Figure 3: Rip Van Winkle Anticline outcrop sketch and sample locations.
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Figure 5: Equal area lower hemisphere stereographic projections of A) poles
to bedding, B) poles to cleavage, C) bedding-cleavage intersections. Fold axis
and axial surface are depicted on each for reference.
14



SAMPLE DESCRIPTIONS
Eight samples were collected from within the same 6-inch stratigraphic interval of limy
bioclastic mudrock, an interval unique to the overall New Scotland Fonnation. Tan
calcareous lenses (typically < I-inch thick) with a high modal abundance of many
varieties of bioclastic material also occur within the sampled interval but were not
incorporated into this study. Thin sections from collected samples revealed matrix
supported bioclasts (typically brachiopods and pelecypods, lying subparallel to bedding),
various other fossil fragments, and an abundance of subangular to rounded, 10 to 100
~ detrital quartz grains. Many detrital phyllosilicate grains of white mica (majority),
chlorite, and biotite were widely scattered throughout the matrix.
Samples were collected along a strain gradient as defmed by cleavage development at
the mesoscale. Samples 11, 12, 13, and 15 were distributed across the very strong to
moderately cleaved forelimb and samples 50, 20,51, and 16 were distributed across the
weakly cleaved backlimb as detailed in figure 3. XZ principal plane (X>Y>Z principal
axes of the finite strain ellipsoid) thin sections, perpendicular to the bedding-cleavage
intersection were cut from each sample with acommon view down-plunge to the
northeast. XY prinCipal plane thin sections parallel to cleavage were cut for all samples
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except 20 and 16 with a downward view on cleavage.
Thin sections revealed detrital quartz grain shape orientation fabrics parallel and
subparallel to bedding in XYplanes and in microlithons ofXZ planes, respectively.
Grain sutures and saw-toothed stylolites, rough planar discontinuities through the matrix
marked by dark optically opaque material, were observed parallel to bedding in thin
section in a few cases. Mesoscale bedding parallel stylolites were observed in multiple
beds on both limbs of the fold.
Cleavage selvages, anastamosing seams filled with dark optically opaque material,
were observed in XZ plane thin sections. Tectonic cleavage was found to be inclined to
bedding and perpendicular to veins at the macroscale to thifi section scale. Cleavage was
heterogeneously developed at the thin section scale providing zones with varying
cleavage characteristics. A microlithon is a zone in which cleavage is either entirely or
nearly absent except for a few widely spaced, narrow, short, and discontinuous selvages.
Selvages within microlithons were typically associated with grain sutures. In
comparison, this study refers to areas characterized by many closely spaced, thicker,
longer, and more continuous anastomosing selvages as cleavage zones (Fig. 9).
Cleavage zones varied in frequency, length, and width, within and between samples
across the structure. Microlithons from forelimbs and backlimbs were very similar and
represented a significant portion of the total area, though forelimb microlithons were
19

more subdivided by cleavage selvages than backlimb microlithons.
Thin sections demonstrated the following cleavage intensities in the :xz plane.
Cleavage intensity was very strong in forelimb sample 11 and varied from very strong to
moderate in each of the remaining forelimb samples, 12, 13, and 15. Bacldimb samples
SO and 51 each demonstrated moderate to weak cleavage intensity and sample 20
maintained a moderate cleavage intensity. Backlimb sample 16 possessed a very strong
to moderate cleavage intensity. It should be noted that thin section locations were
.selected to isolate the most intense cleavage zones observed in each handsample.
Detrital quartz grains in cleavage zones were sutured and truncated resulting in grain
shape fabrics oriented subparallel to cleavage (Fig. 9). There was no textural evidence in
quartz grains for extension parallel to X. Detrital quartz grains did not exhibit fibrous or
nonfibrous overgrowths in plane polarized light or cathodoluminescence and cleavage
parallel thin sections revealed no quartz grain shape fabrics parallel to the finite extension
direction. Textural observations suggest that cleavage developed under plane strain (no
change in Y). XY plane thin sections revealed no sutured grains or cleavage selvages
oriented parallel to the X direction (and normal to the Y direction). The cleavage parallel
section also revealed no fibrous veins or overgrowth parallel to the Y direction.
Overgrowths on elongate bioclasts were common and sporadically distributed
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throughout the matrix based on bioclast distribution. Nearly all elongate bioclasts in
forelimb samples had associated overgrowth. The overgrowths consisted of calcite fibers
which grew syntaxially from the host b~oclast (Fig. 10). Overgrowths were typically
two-sided and commonly possessed equant to fibrous quartz rims at the matrix interface.
Calcite fibers had varying degrees of curvature in the XZ section with relatively less
curvature on the backlimb and none in the XY section. Fibers generally started at a high
angle to bedding and curved (clockwise on the forelimb, counterclockwise on the
backlimb) towards parallelism with bedding. Veins within the matrix were less prevalent
than overgrowths. There was no evidence for extension such as elongate to fibrous
fabrics within the matrix areas between overgrowths and veins when viewed at multiple
scales in plane polarized light and in cathodoluminescence. A strength contrast between
the bioclasts and the matrix was evident in figure 11 in which a bioclast is shown
spanning across a vein, relatively unaffected.
Phyllosilicate grains were scattered throughout each sample and generally ranged in
width from less than 1JlIll to 20 ~m with aspect ratios less than 13 to 1. Many grains
had a ragged appearance with rough borders indicative of transport. Many grains were
found to be bent toward parallelism with cleavage (Fig. 12). A few grains were corroded
or sutured to a quartz grain. A few phyllosilicate hosts were found to be overgrown by a
syntectonic fme-grained fibrous phyllosilicate with low anamolous birefringence (lst
22



order grey) (Fig. 13a). In addition, a few optically opaque grains were found to be
overgrown with the same fme-grained phyllosilicate (Fig. 13b).
A fme-grained optical texture was observed within the matrix in various cleavage
zones of the forelimb samples. The texture was apparent in the simultaneous extinction
of a large proportion of the matrix (patchy extinction) within and surrounding the
cleavage zone coincident with cleavage trace. The component of the matrix responsible
for the texture is inferred to be clay minerals or fme-grained phyllosilicates too fme to be
resolved optically. A similar texture possibly associated with the same material was
found in a backlimb sample in a narrow stratigraphic interval « 1em) with a patchy
extinction coincident with bedding. This interval was darker than surrounding matrix,
likely due to a greater modal abundance of the dark material. The cleavage parallel texture
was also documented for samples taken from the Central Anticline, a structure involving
a similar unit approximately 200 meters northwest of the RVWA (Baghat & Marshak,
1990). The authors explain the texture as "clay minerals in thicker cleavage domains
(selvages) exhibiting simultaneous extinction", however they do not detail the extinction
orientation. Also, in contrast to the single thick selvages described by Baghat and
Marshak (1990), the current study observes the extinction extending partially into
adjacent microlithons from cleavage zones comprised of many selvages.
26

METHODS &RESULTS
1 Strain Measurement
Object Strain
The RtI<I> method was introduced by Ramsay (1967) and Dunnet (1969) to determine
the axial ratio (Rg) and orientation (<I>s) of the finite strain ellipse from a population of
elliptical strain markers assumed to have deformed homogeneously (without ductility
contrast) with the matrix. The method recognizes that the finite axial ratio (Rf) and finite
long axis orientation (<I» of each marker is dependent on the marker's initial axial ratio
(Ri) and initial orientation (8) and the magnitude of the strain ellipse (Rs)' The method
assumes that initially randomly oriented strain markers were subjected to homogeneous
strain. The RrI<I> method was applied to detrital quartz grains in XZ and XY plane thin
sections from the RVWA.. The quartz grains, though clearly deformed, may have been
stronger than their surrounding fme-grained matrix and therefore, provide a minimum
estimate of strain.
In order to address and characterize heterogeneity of relative object strain (XIZ) in
each XZ plane section, one data set was collected from within a zone with the greatest
28
intensity of cleavage ranging in area from 0.09 to 1.5 cm2 and a separate data set was
collected from the adjacent microlithon. A data set was also collected from each XY
plane section in order to characterize the relative object strain (XfY) in the cleavage plane.
Shapes and orientations of 50 to 110 quartz grains were recorded with the aid of a
microscope - drawing tube - digitizer setup at a 250x magnification with crossed polars
and gypsum plate. Three points deftning the long and short axes of the best-ftt ellipse for
each grain were entered directly into the computer program Rr/Fry Analysis (distributed
by Earthware, version 2.02 created by Depaor & Simpson, 1987-1993). The program
displayed each data set on polar coordinates (Rf' 4» which were manually split in half
with the Rfaxis. The program then calculated the 8 = 45° curve (50 % of the data, after
Lisle, 1977) and displayed it with the values of Rs and 4>s. The vector mean of ftnite
long axis orientations (4)) was calculated for comparison.
Data from cleavage zones were evaluated with a variety of statistical methods. Mean
and standard deviations of Rs and 4>s were calculated from results of 4 random subsets of
each original data set (n). Given the general sizes of the complete data sets (n ranging
from 53 to 97 for cleavage zones), 60 % n was chosen as the subset size to generate
unique data sets large enough to apply the RI4> method (n=50 is generally
recommended). An initial random object orientation distribution would deform
homogeneously yielding an equal number of data in 8 areas of the plot defmed by Rs and
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<l>s and the 22.5°, 45°, and 67.5° initial orientation (0) curves (Lisle, 1977). Therefore,
the Chi-Square (X2) Goodness-Of-Fit Test was utilized to aid the selection of the Rg and
<l>s yielding the most even distribution of data between the areas and to test the hypothesis
of initial random orientation distribution (Lisle, 1977; Robin, 1977). Each X2 value
equates to a level of significance which represents the percentage of occurances in which
an equal or greater value would be obtained while meeting the method assumption.
Lower xl values correspond to higher levels of significance and a better fit of the data set
(and plot) to the method assumption. X2 results were considered at 5 degrees of freedom
because the 2 center coordinates (Rs' <l>s) were determined from the data themselves
(df=8-1-2; Robin, 1977). 0 - curves were calculated from basic equations designated as
eq. 5-22 and eq. 5-27 by Ramsay (1967) and listed below.
tan 2<1>=
Rf=
(Ri2 + 1) (Rs2 - 1) (Rg2 + 1) (cos 20)
tan2<1> (l + Ri2 tan20) - Rs2 (tan20 + Ri2) 1/2
Rg2 tan2<1> (tan20 +Ri2) - (l +Ri2 tan20)
Frequency diagrams of the object long axis orientation data (<I» were used to evaluate
the symmetry about the maximum concentration which should align with the tectonic
fmite strain direction (e.g. cleavage trace) given an initial random orientation distribution.
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The range of fluctuation of object long axis orientations was also detennined from the
frequency diagram. Datasets possessing an initial preferred orientation distribution (ie.
bedding fabric) nonparallel to the tectonic finite strain direction may demonstrate
asymmetry and reduced fluctuation (Ramsay & Huber, 1983).
Forelimb XZ cleavage zone object strains (Rs) ranged from 1.5 to 1.8 (+/- 0.04 to
0.15) with the long axis of the XZ ellipse (cPs) subparallel to cleavage with a deflection
toward bedding (Table 1; Fig. 14). Forelimb XZ microlithon object strains ranged from
1.1 to 1.2 with cPs typically closer to bedding than to cleavage. Backlimb XZ cleavage
zone object strains ranged from 1.1 to 1.3 (+/- 0.01 to 0.04) with cPs closer to cleavage
than to bedding. Backlimb XZ microlithon object strains were approximately 1.1 with
cPs closer to bedding than to cleavage. XY object strains ranged from 1.1 to 1.3 for both
forelimb and backlimb samples with cI>s nearly parallel to bedding.
Six of eight cleavage zone best-fit plots had X2 values with levels of significance
ranging from greater than 10% to nearly 30% at 5 degrees of freedom. Best-fit cleavage
zone plots for sample 15 of the forelimb and sample 16 of the backlimb had X2 values
which did not meet the 1% level of significance (Table 1). Cleavage zone object
orientation frequency diagrams for all XZ data are generally asymmetric about the
maximum concentration with a greater number of orientations toward bedding (Fig. 15).
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A
Forelimb Cleavage Zones
Sample # 1 1 12 13 15
n 97 61 67 53
A; 1.84 1.54 1.69 1.69
Rs Standard Deviation 0.15 0.06 0.04 0.13
Rf Harmonic Mean 1.88 1.66 1.83 1.77
Phis (degrees) -6 -22 -67 -42
Phis Standard Deviation 4.3 1.6 0.8 0.8
Vector Mean Phi -5 -20 -65 -41
Cleavage Trace (degrees) -12 -42 -73 -51
Chi-Square 6.79 6.08 7.15 16.51
Level of Significance > 20 % > 20 % > 20 % < 1 %
Fluctuation (90 % data) 73 99 85 85
B.
Rt(max.) 1.69 1.45 1.97 1.84
Phit -8. -32 -73 -51
Rt (min.) 1.43 1.34 1.88 1.59
Phit -9 -34 -73 -53
Table 1: Summary of RfltI> results for quartz grains in thin section cleavage zones from
the Rip Van Winkle Anticline. A. Standard deviations (for Rs & tl>s) were generated
from RfltI> results for 4 random subsets (60 %n) per each complete dataset (n). Chi-
square was calculated from the distribution of points within 8 areas defmed by the
selected Rs and tl>s and the corrsponding e curves (22.5°, 45°, 67.5°) for each complete
dataset. Rf harmonic mean is included for comparision with RfltI> calculated Rs. The
vector mean, tI>f,was calculated as an aid to selecting tI>s. The level of significance is
based on 5 degrees of freedom (df=5). Orientations are relative to the bedding trace at 0°;
clockwise is positive. Cleavage trace is included for reference. B. Rt is tectonic strain;
(max.) and (min.) are the result of unstraining Rs (by Rbd=1.19) plus and minus the
standard deviation, respectively. tl>t is the orientation of tectonic strain.
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A.
Backlimb CleavaQe Zones
Sample # 50 20 51 16
n 60 66 70 81
A; 1.27 1.24 1.27 1.11
Rs Standard Deviation 0.01 0.01 0.02 0.04
Rf Harmonic Mean 1.57 1.46 1.52 1.45
Phis (degrees) 49 50 39 90
Phis Standard Deviation 10.3 3.9 7.2 6.7
Vector Mean Phi 42 50 36 90
Cleavage Trace (degrees) 71 53 60 82
Chi-Square 8.47 8.30 8.34 20.14
Level of Significance > 10 % > 10 % > 10 % < 1 %
Fluctuation (90 % data) 165 103 105 169
B.
Rt (max.) 1.38 1.36 1.32 1.36
Phit 65 67 58 90
Rt (min.) 1.35 1.33 1.28 1.26
Phit 66 68 60 90
Table 1: Continued
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Backlimb Cleavaae Zones
Sample # 50 20 51 16
n 60 66 70 81
As 1.27 1.24 1.27 1.11
Rs Standard Deviation 0.01 0.01 0.02 0.04
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Phis (degrees) 49 50 39 90
Phis Standard Deviation 10.3 3.9 7.2 6.7
Vector Mean Phi 42 50 36 90
Cleavage Trace (degrees) 71 53 60 82
Chi-Square 8.47 8.30 8.34 20.14
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Table 1: Continued
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~~tIJ
Figure 14: Cleavage zone object strain ellipse axial ratios (Rs) and
orientations (l1>s) with respect to cleavage (thick line) and bedding
trace (long axis of rectangular box) in XZ plane thin sections across
the Rip Van Winkle Anticline.
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A) Scatter plot of Rf vs.el>; B) Quartz grain orientation (el» frequency diagrams.
Orientations of bedding (Bd) and cleavage (CI) traces are included for reference.
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The maximum concentration is shifted from the tectonic fmite strain direction toward
bedding. Evidence of a secondary concentration associated with bedding is apparent in
multiple cleavage zone frequency diagrams (ie. samples 15,20, & 16). Frequency
diagrams from XY plane thin sections reveal increased frequencies symmetrical around
bedding, not around the finite extension direction (ie. samples 13, 50, & 51; see Fig. 16)
Fluctuation (90 % of the data) of object long axis orientations in cleavage zones on the
forelimb is significantly less than fluctuation in cleavage zones on the backlimb, a trend
related to the difference in object strains between the forelimb and backlimb (Table 1).
Sample 16 with the greatest fluctuation (169° for 90% of the data) had the least Rs and
greatest bedding-cleavage angle. The remainder of the backlimb samples (20, 51, & 50)
possessing nearly identical Rg demonstrate increase in fluctuation with increase in
bedding-cleavage angle. Sample 11 with the least fluctuation (730 for 90% of the data)
had the greatest Rg and the least bedding-cleavage angle. Therefore, there is also a trend
in fluctuation with bedding-cleavage angle.
Tectonic strain (RJ imposed on a preferred orientation distribution of quartz grains
such as a bedding fabric (R~ results in an object strain measurement (ie. Rs) which
reflects both components (Rbd &Rt; Fig. 17). Based on an evaluation ofRIcI> data sets
and textural observations, this study attempted to isolate and quantify a pretectonic
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Figure 16: Quartz grain long axis orientation (<I>f) frequency diagrams for XY plane thin
sections. The bedding trace plots at 0° for reference. A) Sample 13; B) Sample 50; C)
Sample 51.
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Figure 17: Sketch to demonstrate relative contributions of bedding fabric (RtxV
and tectonic strain (RJ to the shape and orientation of the finite strain ellipse (Rg)
(after Elliott, 1970). This example is similar to results for sample 13;
cI>t =73°, cI>s =67°.
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bedding fabric. The bedding fabric (RtxV was estimated from quartz grain fabrics in XY
plane thin sections of samples 13 and 50. Samples 13 and 50 possessed the greatest
bedding-cleavage angles and therefore, XY planes nearest to the principal plane of the
bedding ellipsoid. Frequency diagrams for these samples demonstrate symmetry around
a maximum concentration centered on bedding. The RtI<P method was chosen to
measure the bedding fabric. <Ps plotted within a few degrees (sample 13: 4°; sample 50:
3°) of the observed bedding orientation for each sample. Each plot had low X2 values
with corresponding higher levels of significance (sample 13: >50%; sample 50: >70%)
with 5 degreeS of freedom. Rsmeasured from each sample (sample 13: 1.21 ; sample
50: 1.16) yield an average of 1.19 assuming no tectonic strain in the XYplane. This
value will serve as an estimate of Rbd assuming a uniform bedding fabric present in all
samples throughout the layer.
Rbd was removed from each cleavage zone Rg by coaxially unstraining Rg (+/-
standard deviation) in steps of 0.01 considered to represent optimum incremental change
by Borradaile (1984). cPs relative to bedding was utilized as the initial e in the
application of Ramsay's (1967) equations (5-22 & 5-27, listed earlier) for unstraining.
Rt and <Pt, the orientation of the tectonic strain ellipse, resulted from the removal of the
bedding component (Rb<V from the object strain ellipse (Rs). Rt ranged from 1.3 to 2.0
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for forelimb cleavage zones and 1.3 to 1.4 for backlimb cleavage zones. el>t were all
nearer to, ifnot parallel with the cleavage orientation (except sample # 20). Data are
summarized in Table lB.
Principal Extension
Extension was most prevalent as overgrowths of syntaxial calcite fibers (and small
antitaxial fibrous quartz rims) on elongate calcite bioclasts. Extension also resulted in
fibrous calcite and/or quartz veins. Overgrowth occurance and magnitude of extension
was independent of location (ie. cleavage zone or microlithon). Overgrowths had finite
lengths parallel to the principal extension direction, generally less than 0.8 mm wide,
however the long axis of the overgrowth was typically parallel to the length of the
bioclast resulting in aspect ratios up to 15 to 1 (Fig. 10). Ifextension homogeneously
affected each bioclast, then fiber length would be related to initial host width and resultant
values of extension would be evenly distributed about a mean. An even distribution was
not observed (e.g. Fig. 18), therefore, extension was heterogeneous at the overgrowth
scale.
Multiple transects (2-4) were run parallel to the finite extension direction (as
determined by local average fiber and/or cleavage orientation throughout the section)
adjacent to the cleavage zone selected for RIel> analysis. In order to characterize
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Figure 18: Afrequency diagram ofstretch recorded by individual overgrowths on
bioclasts. This example is from the XY plane thin section to sample 11.
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extension in the vicinity of the cleavage zone, individual transects spanned a similar
length as the cleavage zone and together represented areas (0.32-2.3 cm2) slightly larger
than, but encompassing the cleavage zone (Fig. 19). A microscope in conjunction with a
mechanical stage and acalibrated 100 unit crosshair was used to continuously measure
lengths of and distances between all fibers, objects (bioclasts), and matrix (where their
boundaries intersect the transect line (crosshair». Extension was found to be
heterogeneous at a scale of 3.2 mm (a scale which often included multiple overgrowths
and/or veins) as evident in plots of total extension per 3.2 mm for multiple overlapping
windows along the transects (Fig. 20). When viewed at this scale it was found that
extension varied both along the transect (in the X direction) and between parallel transects
(in the Z direction).
In order to determine the scale at which extension was homogeneous, extension was
calculated and plotted cumulatively for each additional 0.4 mm in a down dip direction
along the transect. Appending data from individual transects into one continuous
transect ranging from 2.6 to 7.6 cm (cumwative distance) was necessary to identify the
scale of homogeneity. A mean and standard deviation were calculated for each
overlapping centimeter along each resultant curve (Fig. 21). Each curve levels out and
standard deviations significantly decrease with greater cumulative distance along the
45
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B.
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1
Figure 19: Sketch to demonstrate general locations and scales of RIel> and principal
extension measurements. A) RIel> cleavage zone data was collected from within
the shaded area with many anastamosing selvages. Tl through T4 represent typical
transect lengths and locations relative to the cleavage zone. B) Expanded view of
1'3 along which two overgrowths on bioclasts and a vein are encountered from
top to bottom.
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Figure 20: Extension measured along 4 transects (designated as Tl, 1'2, T3, and T4) in
the Xprincipal direction and plotted in overlapping 3.2 rom windows. This example is
from the XZ plane thin section to sample 16.
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Figure 21: Graphs of cumulative extension versus distance measured in thin section in a
down dip direction along appended parallel transects. The curve represents cumulative
extension for each additional 0.04 cm. Circle (0) and plus (+) markers represent the
mean and standard deviations, respectively, of cumulative extension and are depicted at
the midpoint ofeach overlapping centimeter. Samples: A) 11; B) 12; C) 13; D) 15; E)
50; F) 20; G) 51; H) 16.
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6
appended transect Homogeneity was achieved at a scale of approximately 3.0 cm based
on cumulative extension values not varying with increased distance. The mean and
standard deviation of the last cm was selected as the most representative value of
extension for each sample.
Mean extension values for samples 12 and 13 of the forelimb were 1.6% and 1.1%,
respectively, similar in magnitude to the four backlimb samples which ranged between
0.6% and 1.5%. Samples 11 and 15 of the forelimb had significantly greater mean
extension values of 19.8% and 20.3%, respectively, due to a great frequency of large
overgrowths and veins (sample 11- a large vein and multiple large overgrowths; sample
IS-an extremely large overgrowth and associated tom matrix). Standard deviations were
low, ranging between 2% and 11% of the mean extension value for all samples. Data
are summarized in table 2.
50
.. Forelimb Cleavaae Zones
Sample # 1 1 12 13 15
Meane 0.1982 0.0162 0.0111 0.2026
Maximum e 0.2037 0.0171 0.0118 0.2240
Minimum e 0.1927 0.0152 0.0104 0.1813
Standard Deviation 0.0055 0.0010 0.0007 0.0213
Backlimb Cleavaae Zones
Sample # 50 20 51 16
Meane 0.0125 0.0060 0.0148 0.0094
Maximum e 0.0131 0.0066 0.0153 0.0096
Minimum e 0.0120 0.0055 0.0144 0.0092
Standard Deviation 0.0006 0.0006 0.0004 0.0002
Table 2: Summary of extension results for XZ plane thin sections from the Rip Van
Winkle Anticline. Mean extension and standard deviation values were derived from the
last centimeter of cumulative extension data (per 0.04 cm) for the appended transect in the
downdip direction (See figure 21). Maximum and minimum values are mean values +/-
standard deviation, respectively.
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II. Geochemistry
Bulk Chemistry
Thirteen samples were analyzed by X-Ray Florescence (XRF) for the following
oxides: CaO, Si02, Al203' Ti02, F~03, MgO, Na20, K20, P20S, MnO, CR203, and
Loss On Ignition (LOn. Homogeneous powders were prepared from parts of thin
section chips which allowed careful selection of zones optically dominated by cleavage or
microlithon. Pairs of XRF samples were selected from samples 12, 13, 15,20, and 16,
each pair consisting of one zone dominated by cleavage and the other by microlithon.
Sample 11 was dissected by cleavage throughout the entire chip, therefore, only a single
XRF sample was submitted from the densest cleavage zone and is considered to
correspond to other cleavage zone samples. Cleavage zones were sparse and narrow in
samples 50 and 51, therefore, each whole-chip was analyzed and considered to
correspond to other microlithon samples. Initial sample weights ranged from 2.2 to 13.3
grams with a mean weight of 4.7 grams (initial sample volumes ranged from
approximately 0.35 cm3to. 1.05 cm3). Data is summarized in table 3.
Each oxide weight percent was plotted with respect to weight percent Al203,
considered to be a conservative species by many authors (e.g. Ague, 1991; Fig. 22).
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SAMPLEID Wt. % Na20 Wt. % MgO Wt. % AI203 Wt. % Si02 Wt. % P205 Wt. % K20 Wt. % CaO
11 CL 0.52 1.32 8.25 73.30 <.01 1.98 5.25
12 M 0.58 1.88 8.94 69.90 <.01 1.87 5.46
12 CL 0.50 1.38 7.42 71.80 <.01 1.45 7.17
13 M* 0.47 1.36 7.13 70.40 0.05 1.40 8.04
13 CL 0.55 1.56 8.74 70.20 0.04 1.94 6.07
15 M* 0.47 1.15 6.65 66.70 <.01 1.57 10.90
15 CL 0.55 1.46 9.09 70.20 <.01 2.24 5.92
50 M 0.48 1.58 8.40 71.50 0.02 1.84 5.50
20 M* 0.45 1.07 6.90 70.50 0.02 1.55 8.55
20 CL 0.39 1.04 6.49 68.90 <.01 1.45 10.00
51 M* 0.48 1.32 7.26 68.30 0.02 1.61 9.10
16 M* 0.46 1.01 6.62 71.20 <.01 1.58 8.61
16 CL 0.54 1.24 9.05 72.80 0.02 2.00 5.15
Mean Protolith 0.47 1.18 6.91 69.40 0.02 1.54 9.04
Std. Dev. 0.01 0.14 0.25 1.67 - 0.07 0.99
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SAMPLEID WI. % Ti02 WI. % Cr203 Wt. %MnO WI. % Fe203 WI. % LOI Sum
11 CL 0.570 <.01 <.01 3.03 5.80 100.0
12 M 0.565 <.01 0.01 4.55 6.45 100.2
12 CL 0.480 <.01 0.01 3.21 7.15 100.6
13 M* 0.427 <.01 0.01 3.08 7.65 100.0
13 CL 0.586 <.01 0.01 3.57 6.65 99.9
15 M* 0.422 <.01 0.01 2.52 9.75 100.1
15 CL 0.588 <.01 0.01 3.12 6.75 99,9
50 M 0.532 <.01 <.01 4.00 6.15 100.0
20 M* 0.434 <.01 <.01 2.34 8.10 99.9
20 CL 0.397 <.01 0.01 2.44 8.85 100.0
51 M* 0.478 <.01 <.01 3.17 8.40 100.1
16 M* 0.438 <.01 0.01 2.09 7.95 100.0
16 CL 0.584 <.01 <.01 2.59 5.90 99.9
Mean Protolith 0.440 <.01 0.01 2.64 8.37 100.0
Std. Dev. 0.020
- -
0.42 0.73
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Mica 10 Wt. % FeO Moles Fe Wt. % Si02 MolesSi Wt. % AI203 Moles AI Wt. % K20 Moles K
A1 2.77 0.35 48.28 7.31 29.12 5.19 9.05 1.75
A5 4.09 0.51 48.44 7.21 28.69 5.03 8.21 1.56
A6 4.30 0.55 50.78 7.72 25.11 4.50 7.19 1.39
A8 3.48 0.44 51.88 7.85 24.84 4.43 8.07 1.56
C3 4.18 0.54 48.99 7.55 26.65 4.84 6.27 1.23
01 3.93 0.46 57.22 8.03 24.88 4.12 8.92 1.60
05 2.96 0.35 53.80 7.72 26.97 4.56 8.14 1.49
06 4.84 0.65 46.45 7.43 25.36 4.78 6.73 1.37
07 2.00 0.23 62.49 8.68 22.24 3.64 6.45 1.14
09 2.52 0.31 48.29 7.20 30.62 5.38 9.63 1.83
F'2 1.65 0.20 50.99 7.46 29.32 5.05 9.28 1.73
F'4 1.63 0.20 51.86 7.60 27.74 4.79 9.09 1.70
F'5 2.33 0.29 50.75 7.54 27.31 4.78 8.51 1.61
F'7 3.99 0.49 48.76 7.22 31.37 5.48 5.11 0.97
F'8 2.82 0.35 49.23 7.36 29.35 5.17 8.52 1.63
C2 12.18 1.52 45.17 6.76 27.36 4.82 3.34 0.64
A2 27.40 4.17 29.03 5.28 21.17 4.54 0.00 0.00
02 29.25 4.42 27.23 4.92 22.38 4.76 0.79 0.18
0)
(X)
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Mica 10 Wt. % Na20 Moles Na Wt. % MgO Moles Me Wt. %CaO MolesCa
A1 0.34 0.10 1.40 0.32 0.03 0.01
AS 0.54 0.16 2.95 0.66 0.06 0.01
A6 0.14 0.04 2.38 0.54 0.13 0.02
A8 0.29 0.09 1.68 0.38 0.05 0.01
C3 0.12 0.04 2.00 0.46 0.09 0.02
01 0.05 0.01 2.29 0.48 0.07 0.01
05 0.07 0.02 2.71 0.58 0.17 0.03
06 0.13 0.04 2.47 0.59 0.18 0.03
07 0.05 0.01 1.7.1 0.35 0.06 0.01
09 0.15 0.04 1.24 0.28 0.04 0.01
F'2 0.13 0.04 1.90 0.41 0.07 0.01
F'4 0.07 0.02 2.41 0.53 0.06 0.01
F'5 0.12 0.03 2.81 0.62 0.05 0.01
F'7 0.26 0.08 1.39 0.31 0.09 0.01
F'8 0.15 0.04 1.39 0.31 0.14 0.02
C2 0.00 0.00 6.07 1.35 0.38 0.06
A2 0.04 0.01 8.98 2.44 0.10 0.02
02 0.06 0.02 9.25 2.49 0.06 0.01
was plotted with respect to weight percent A1203 in figure 25A-E. The trends most
apparent in these plots are decreasing Si02 and increasing 1<20 and Na20 with increasing
AI203. A decreasing trend in FeO with increasing K20 was also observed and is
presented in figure 25F. Mole versus mole plots for white micas (Fig. 26) revealed a
decreasing linear trend (slope: -0.77, from linear best-fit) in moles Si with increasing
moles of AI. The sum of moles of Si, Fe and Mg plotted as a steeper decreasing linear
trend (slope= -0.81, from linear best-fit) with increasing moles of AI. The white micas
were phengitic (except moles K < 2) given the above trends. the presence ofFe and Mg.
excess moles Sit and deficient moles AI. The continuous nature and slopes of the linear
trends in moles discussed above may have been generated by the phengitic substitution
reaction [(AIIV. AIVI) = (Si, Fe) in which Si replaces tetrahedral AI and Fe (or Mg)
replaces octahedral AI] occurring at varying degrees on varying initial illite compositions.
Multiple syntectonic phyllosilicate fibers within a boudinaged object (Fig. 27) were
characterized with a single composite analysis. The fibers demonstrated a significant
decrease in weight percent Si02 and K20 (and Na2 to 0.0) and an increase in weight
percent FeD and MgO relative to individually analyzed white micas. The bulk
composition of the fibers was intennediate between the white mica and chlorite grains
analyzed. The composition and morphology of the fibers might suggest an intergrowth
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Figure 25: Results of electron microprobe analyses of phyllosilicates (15 white mica, 2
chlorite, 1syntectonic fibrous phyllosilicate) in the XZ thin section to sample 11. A-E)
Graphs of weight percent oxide vs. weight percent Al203; F) Graph of weight percent
FeO versus weight percent K2o.
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with respect to bedding were detected within individual samples and between samples on
a common limb of the fold. Early increments of fiber growth typically started at a high
angle to bedding and then curved toward parallel with bedding. This trend is consistent
with flexural slip folding as modelled by Beutner and Diegel (1985) and with
observations of fibers in massive carbonate layers in Idaho by Hedlund"and others
(1994). A reversal of curvature on opposite limbs was observed_and is consistent with
folding around a pinned hinge (Beutner & Diegel, 1985; Fisher & Anastasio, 1994;
Hedlund et. al., 1994). The coincidence of bedding-cleavage intersections with the fold
axis, therefore, indicated that cleavage was related to flexural slip folding around a pinned
hinge.
An attempt was made to quantify three dimensional volume strain utilizing data from
XZ and XY plane thin sections. Volume strains were calculated for XZ plane cleavage
zones incorporating shortening, Z from recipricol of tectonic object strain ellipses (RJ
and extension, X from cumulative extension measured over multiple appended transects,
and an assumption of plane strain (y=I) from textural observations. Cleavage zones
demonstrated a greater degree of shortening than extension yielding 16% to 49% volume
loss on the forelimb and 20% to 26% on the backlimb (Table 7). Ifa ductility contrast
existed between the matrix and detrital quartz grains, then Z was an underestimate and
one must qualify the volume loss ranges as minimums. Volume strain could not be
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Forelimb Cleavaae Zones
SamDle # 11 12 13 15
Maximum dV -29.3 -29.7 -48.7 -35.8
Minimun dV -15.9 -24.3 -46.1 -23.0
Backlimb Cleavaae Zones
SamDle# 50 20 51 16
Maximum dV -26.4 -25.9 -23.2 -25.9
Minimun dV -25.1 -24.4 -20.7 -19.7
Table 7: Summary of geometric volume change (dV as %) within thin section cleavage
zones from the Rip VanWinkle Anticline using the equation (x)(y)(Z) = 1+dV.
Extension, X, is calculated from cummulative extension measurements. Plane strain is
assumed based on textural observations in the XY plane thin section, therefore Y=1.
R/<I> strain markers (quartz grains) record shortening, Z, but not extension. Recipricol
Rs is therefore, equivalent to Z. The range in dV is maximumized by pairing maximum
(minimum) X with the minimum (maximum) Rg.
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quantified for microlithons. Object strains measured in microlithons primarily reflected a
pretectonic bedding fabric with long axes oriented nearer to bedding than cleavage.
Microlithon object strain ellipses and principal extension were incompatible in orientation
and origin and therefore, could not be combined to calculate volume stram in
microlithons.
Volume strain over the scale of a thin section «12 cm2) was estimated considering the
total area of cleavage zones versus microlithons and assuming microlithons extended with
negligible shortening (and plane strain throughout). Microlithons were therefore,
assumed to exhibit slight area gains equivalent to measured extension. Backlimb sample
51, with very little cleavage and the least value for cleavage zone volume loss, was
volume constant at the thin section scale. Forelimb samples 11 and 15, with significant
"
extension (an order of magnitude greater than other samples), were also volume constant
at the thin section scale. The remaining samples underwent volume loss at the thin
section scale. Based on the results, volume constant plane strain is believed to occur over
an area in the XZ plane ranging from lOs to WOOs cm2, a scale which would likely
include mesoscale veins. Volume constant plane strain is consistent with work done on
the Central Anticline by Bhagat and Marshak: (1990) who identified microlithons as the
major sink for calcite dissolved from cleavage domains.
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Geometric and textural observations suggested mass transfer of quartz and calcite by
pressure solution. Shortening in quartz grains and extension of calcite fibers on bioclasts
represented the only measurable strains in the X and Z directions, respectively, and were
therefore, coupled in the volume strain determinations. The existence of calcite fibers
requires a calcite source. Dissolution of calcite by pressure solution was apparent in
truncated bioclasts (Fig. lOb). Depletion in modal abundance calcite in a cleavage zone
with respect to the adjacent microlithon was observed in a sample viewed under
cathodoluminescence. One must assume that nondistinct, fme-grained calcite within the
fme-grained matrix adjacent to cleavage selvages was also dissolved. Based on equations
for diffusive mass transfer (pressure solution) the finer grain size was more susceptible to
dissolution (Rutter, 1983). The solubility of calcite is greater than the solubility of
quartz (Trurnit, 1968) as evident in quartz/calcite sutures, therefore, calcite observed the
same if not greater shortening by dissolution as that recorded by quartz grains. The
dissolution of quartz grains was obvious within cleavage zones, but the deposition of
quartz was only observed in narrow antitaxial rims on calcite overgrowths. Quartz grains
recorded no observable extension which is consistent with the localization of extension at
bioclast sites (ie. matrix did not pull away from quartz grains). Geometric volume
losses, therefore, had components of quartz and calcite, however the relative
contributions remain uncertain.
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II. Geochemistry and Volume Strain
Heterogeneous cleavage (and strain) development by pressure solution manifest in
variably intense cleavage zones and microlithons (at the meso &microscale) was linked
to heterogeneous bulk compositions. An attempt was made to isolate samples from
cleavage zones and microlithons in order to compare bulk compositions. The cleavage
composition from sample 20 was similar to microlithon compositions and microlithon
compositions for samples 12 and 50 were similar to cleavage compositions. These
anamolous compositions were likely due to the following difficulties in the sample
technique. First, the scale of protolith homogeneity may have been greater than the actual
sample size which would affect a sample pair chosen across horizons with differing
modal abundances of detrital quartz, for example, or a pair which did not equally share a
single large bioclast Second, the heterogeneity and anastomosing nature of cleavage in
three dimensions made it difficult to isolate cleavage zones and microlithons without
some degree of mixing which tends to reduce the compositional differences between the
zones.
A passive concentration model was tested in which absolute changes in quartz and
calcite concentrations were used to explain differences between cleavage zones and the
protolith composition estimated as the mean of multiple microlithons. Quartz and calcite
were chosen based on common dissolution textures. Multiple cleavage zone samples
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demonstrated relative enrichment of SiCh with respect to microlithons (and mean
protolith) which is contrary to depletion of quartz observed geometrically and texturally.
Weight percent Si02 is an order of magnitude greater than other oxides, therefore, a net
depletion in quartz may have been masked as a relative enrichment by a net codepletion in
calcite. The model was generally successful in restoring individual oxide (Fig. 23) and
total cleavage compositions (Fig. 24, Table 4) to near the mean protolith composition.
The model was most effective in restoring Al203 and Ti02 compositions which therefore
appear to be the most conservative, consistent with arguments for their low mobilities
(Ague, 1991). The model was also effective in restoring the LOr composition which
further substantiates an absolute change in calcite from which C02 was liberated as the
primary LOr component. The model had varying success in restoring FeD, K20, and
MgO which may have been due to their slightly more active behavior. The model
predicted volume losses between the mean protolith and the cleavage zone (assuming
constant density between quartz and calcite) similar in magnitude to volume losses
calculated geometrically (except sample 20 - volume gain, similar magnitude). Therefore,
a passive concentration model ofcleavage development associated with volume change in
quartz and calcite adequately explained bulk compositional changes between cleavage and
mean protolith and was consistent with geometric calculations and textural observations.
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Bhagat and Marshak (1990) petrographically observed greater than 50% recrystallization
of microlithon calcite in the Central Anticline. The use of microlithons to represent the
protolith in the current study is supported by textural observations microlithon
compositions. Textural observations revealed only minor evidence ofpressure solution
in the microlithons, primarily in the form of low magnitude extension resulting in minor
geometric volume strain. Microlithon bulk compositions revealed no apparent contrast
from the forelimb to the backlimb. Bhagat and Marshak (1990) called upon full
recrystallization ofmicrolithon calcite in an open system to explain trace element and
stable isotope results. Data collected in this study do not allow for direct consideration of
open/closed system behavior, but indirectly, passive concentration does not by deftnition,
require metasomatism to accompany cleavage development
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m. Evolution and Reorientation of Phyllosilicates with Cleavage Development
A detrital origin for the white mica grains was supported texturally by their grain size
(1 to 20 ~m wide) and frequent ragged appearance likely due to transport. A preteetonic
origin was evident in defonnation textures imposed on the white mica grains.
Deformation by pressure solution was evident in corroded, sutured, and truncated grains,
and phyllosilicate fibrous overgrowth. Defonnation was also observed in grains bent and
mechanically rotated toward parallelism with cleavage.
Analysis of multiple phyllosilicate grains allowed for the characterization of low
metamorphic grade phyllosilicate compositional and growth behavior. Phyllosilicate
grains from the XZ plane of sample 11, the most deformed forelimb sample, were
analyzed with an electron microprobe. Aside from two chlorite grains and one
composite analysis, the remaining analyses were nonunique representing a single
continuous phengitic illite compositional trend (Fig. 26). Note, illite is used to refer to
the compositional variety of white mica. Linear trends observed in Si vs. AI and Si + Fe
+ Mg vs. AI plots (Fig. 26) did not stoichiometrically match normal illite or phengite
compositional variance alone. The compositional variation observed in the detrital white
micas was therefore, interpreted as phengitic substitution occurring to varying degrees on
an initial range of illite compositions. The timing ofphengitic substitution in detrital
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white mica grains is not constrained and may have occurred predeposition, during
diagenesis, syntectonically, or post tectonically. Metasomatic additions would not be
necessary to support phengitic substitution reaction if it occurred post deposition, given
its conServative nature and the availability of the reaction elemental components (Si, Fe,
Mg, & Al) in the protolith.
In: addition to the many syntectonic quartz and calcite fibers, a syntectonic
phyllosilicate fibers were occasionally observed on detrital phyllosilicates and ~aque .
hosts (Fig. 13). Note, phyllosilicate fibrous overgrowth was much less abundant and at
a much finer scale than quartz and calcite overgrowth, and rarely observed in transects,
therefore, it represented only aminor component of cumulative extension results. This
material was found only once at a scale large enough to analyze with the electron
microprobe (Fig. 27). The composition of this material was intermediate between
individual analyzed chlorite and white mica grains suggesting an intergrowth of fme
chlorite and white mica fibers (consistent with fmdings of Ho et al., 1995). A modelled
.volume to volume (1:1) chlorite and illite white mica composite composition was similar
to the actual composition further supporting chlorite-white mica intergrowth. The
presence of syntectonic chlorite and white mica confirmed the growth of these phases and
the mobility of their constituents at the time and conditions (approximately 200 °C, 8 kIn)
of deformation. Chlorite-white mica intergrowth represented the only apparent
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syntectonic phyllosilicate and was observed only in fibrous extensional textures in thin
section. The syntectonic chlorite-white mica intergrowth was a new growth phase, but
its mineralogy was nonunique to pretectonic mineralogy. Dissolution textures observed
in detrital chlorite and white mica grains would have supported the intergrowth,
therefore, metasomatic addition is not necessary to explain its chemistry.
In order to further investigate the origin of white mica grains and their behavior during
cleavage development, mica long axis orientations were measured in a forelimb and a
backlimb xz thinsection. To remain consistent, only the dominant white mica grains
.were measured. Mica long axis orientations were coincident with basal planes in the
majority of grains measured. Backlimb sample 51 with moderate to weak cleavage
intensity revealed a clustering of orientations around bedding with no observed preferred
orientation around cleavage. This frequency pattern supported a detrital origin with a
depositional bedding parallel fabric. This pattern was not suprising given the bedding
fabric discovered in the more equant detrital quartz grains. Frequency patterns in the very
strong to moderately cleaved forelimb sample, 13 also supported a detrital origin of white
micas with reorientation from bedding toward cleavage (increased frequencies in
endmember and intermediate orientations observed) by deformation either by bending or'
dissolution. Ho and others (1995) referred to bending as indicative of mechanical
rotation which likely occurred with flow of the surrounding matrix. Therefore, white
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mica grains were detrital in origin and were reoriented and deformed during cleavage
development White mica grains were reoriented primarily by mechanical rotation as seen
in bending textures and orientation frequency patterns. A component of dissolution
shape change was evident texturally, but had little effect on grain orientation based on the
coincidence of long axis and basal plane orientations.
A preferred orientation offme-grained « 1 JlM) matrix material (either phyllosilicate
or clay minerals; much fmer than detrital phyllosilicates discussed above) was
occasionally observed in patchy extinction parallel to bedding lamination on the bacldimb
and parallel to a cleavage zone on the forelimb. The common orientation and greater
abundance of clay or phyllosilicates in a cleavage zone was consistent with mechanical
rotation observed in detrital white micas and passive concentration. A component of new
growth can not be entirely ruled out, however, given the discrete angle of the extinction.
Former studies have documented varying conclusions concerning phyllosilicate
orientation behavior during cleavage development Beutner (1978) observed dissolution
shape change and apparent gra.i!J.long axis reorientation in slates and concluded that platy
minerals did not rotate during cleavage formation. The current study observed
dissolution shape change in micas which had little effect on long axis orientations.
Similar to the current study, Ho and others (1995) documented mechanical rotation of
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detrital grains and intergrowth of a chlorite and mica parallel to cleavage and derived from
dissolution of detrital bedding-parallel grains. Ho and others (1995) observed
mechanical rotation and dissolution-neocrystallization dominant in different zones
considered to record early and later stages ofcleavage development, resPeCtively. The
current study observed both mechanisms, apparently coexisting. However,
neocrystalization was confmed to overgrowths on host grains and was not observed
contributing to cleavage selvages as individual grains. Mechanical rotation was clearly
dominant and therefore, phyllosilicate orientation behavior observed in Sample 11
corresponds to the earlier stage observed by Ho and Others (1995).
Kreutzberger & Peacor (1988) observed a passive coalescence of phyllosilicates
related to cleavage development in the Central Anticline (CA) which agrees with the
dominant mechanical rotation behavior observed in the current study. Kreutzberger &
Peacor (1988) observed only limited dissolution and crystallization which was confmed
to the boundaries between phyllosilicates resulting in cohesive packets. Dissolution-
crystallization, though considered to be a minor contributor to overall phyllosilicate
behavior, was observed to a greater degree in the RVWA samples. The CA samples
were more calcite-rich, and calcite has a much greater solubility than phyllosilicates. The
RVWA samples were more quartz-rich, and quartz is less soluble and more competent
than calcite (relative solubilities after Trurnit, 1968). The differences in relative
93
solubilities between phyllosilicates and surrounding minerals in the RVWA versus the
CA samples may therefore, explain the different degrees of dissolution-crystallization in
phyllosilicates.
l
\
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CONCLUSIONS
The following geometric and geochemical conclusions are related to the development of
cleavage which formed by passive concentration due to pressure solution of quartz and
calcite in the RVWA
1. Analysis of RlcP data sets from detrital quartz grains, in addition to textures such as
bedding parallel stylolites and grain sutures, supported the existence of a pretectonic
bedding fabric which resulted at least in part from compaction. A bedding fabric ellipse
of 1.19 was measured in detrital quartz grains and is typical of detrital sedimentary rocks
2. Object strain recorded in detrital quartz grains reflected shortening only and was
relatively homogeneous within cleavage zones which varied in scale from 0.09 to 1.5
cm2. Principal extension was homogeneous at a scale of approximately 3.0 cm and may
have ~controlled by bioclast distribution.
'.
3. Cleavage was related to flexural slip folding around a pinned hinge.
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4. Geometrically, cleavage zones demonstrated a greater degree of shortening than
extension yielded minimum volume losses of 16% to 49% on the forelimb and 20% to
26% on the backlimb. Volume constant plane strain is believed to have occurred over an
area ranging from lOs to WOOs cm2.
5· Changes in bulk: composition from protolith to cleavage were adequately explained by
a passive concentration model ofcleavage development associated with net change in
quartz and calcite. The model also predicted volume changes similar to geometrically
calculated volume change.
6. Detrital white mica compositions revealed evidence for phengitic substitution,
however, the timing is not constrained.
7. The syntectonic chlorite-white mica intergrowth was a new growth phase, but its
mineralogy was nonunique to pretectonic mineralogy. Dissolution textures observed in
detrital chlorite and white mica grains would have supported the intergrowth, therefore,
metasomatic addition was not necessary.
8. Detrital white micas also confmned a bedding fabric. Grains were reoriented toward
96
cleavage primarily by mechanical rotation. Patchy extinction within the fme-grained
matrix around cleavage zones was consistent with mechanical rotation. Phyllosilicate
dissolution and neocrystallization was a minor contributor to cleavage development.
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cleavage primarily by mechanical rotation. Patchy extinction within the fme-grained
matrix around cleavage zones was consistent with mechanical rotation. Phyllosilicate
dissolution and neocrystallization was a minor contributor to cleavage development.
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